Introduction {#Sec1}
============

Physiologic fluids in living systems are so crowded with biomacromolecules that a significant fraction of the intracellular space is not available to other macromolecules \[[@CR1]--[@CR3]\]. This crowded environment is known to greatly affect protein stability and aggregation by altering the kinetics and the equilibrium parameters compared to dilute solution \[[@CR4], [@CR5]\]. The effect of a crowded environment on protein stability has mainly been described from an excluded volume perspective, in which a solution contains only one kind of protein with a high concentration of inert macromolecules, typically polyethyleneglycol, dextran, or Ficoll as crowders to mimic crowded conditions \[[@CR6], [@CR7]\]. However, the environment in living systems is, in fact, highly crowded with the heterogeneous macromolecules, i.e., proteins, nucleic acids, lipids, and polysaccharides \[[@CR8]\]. This heterogeneous and highly concentrated condition is also relevant to the food industry \[[@CR9]\]. Protein stability and aggregation in this crude environment will be investigated by protein biophysics to understand the intrinsic behaviors in living organisms.

The crowded environment affects protein stability and aggregation by specific interactions between cosolutes and proteins, as well as the excluded volume effect. The specific effect of cosolutes on protein stability has been classically described by Yancey as osmolytic \[[@CR10]\]. Such small-molecular-weight cosolutes have been extensively investigated with regard to protein aggregation, such as amino acids \[[@CR11], [@CR12]\] and their derivatives \[[@CR13]\], arginine \[[@CR14]--[@CR17]\] and its derivatives \[[@CR18], [@CR19]\], and amine compounds \[[@CR20]--[@CR22]\]. These data revealed that small organic additives decrease the aggregation rate of protein and increase the solubility of the aggregation-prone unfolded protein. The design rule of aggregation suppressors remained obscure: (1) multivalent amines decrease the aggregation rate to suppress chemical modification; (2) the amino acid backbone is an indispensable structure as an additive for heat-induced aggregation; and (3) the guanidine group increases the solubility of aromatic compounds. However, inorganic salts have comparatively simple rules in terms of their effect on protein aggregation. For example, the surface tension of various kinds of saline describes the thermal aggregation of egg white lysozyme \[[@CR23]\].

The Hofmeister series is a well-known index for additive effects on protein aggregation; the propensity of aggregation is as follows \[[@CR24], [@CR25]\]:$$\documentclass[12pt]{minimal}
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                \begin{document}$${\text{CO}}_{3}^{2 - } > {\text{SO}}_{4}^{2 - } > {\text{S}}_{2} {\text{O}}_{3}^{2 - } > {\text{H}}_{2} {\text{PO}}_{4}^{ - } > {\text{F}}^{ - } > {\text{Cl}}^{ - } > {\text{Br}}^{ - } \approx {\text{NO}}_{3}^{ - } > {\text{I}}^{ - } > {\text{ClO}}_{4}^{ - } > {\text{SCN}}^{ - }$$\end{document}$$In general, chaotropes (typically SCN^−^ and I^−^) show the so-called "salting-in" effect that destabilizes protein tertiary structure, leading to a decrease in the denaturation temperature. In contrast, kosmotropes (typically CO~3~^2−^ and SO~4~^2−^) show a "salting-out" effect that stabilizes protein structure \[[@CR26]\]. Hofmeister series have been applied in various protein industries and research fields for purification and stabilization in fundamental research, such as the strength of ionic hydration \[[@CR27], [@CR28]\], different density of water molecules \[[@CR29], [@CR30]\], and accumulation or exclusion of ions from the surface \[[@CR31], [@CR32]\].

In this study, we have investigated the thermal aggregation of high and low concentrations of hen egg white proteins with several types of inorganic salts. The egg white proteins were chosen because of the existing protein systems \[[@CR33]\]. Egg white from the domestic chicken is one of the most prominent protein source foods. The biophysical structure of egg white plays an important role in the functional properties of food, such as water-holding, emulsifying, foaming, and gelation due to high protein concentration (100 mg/mL) \[[@CR34]--[@CR36]\]. In addition, egg white contains various kinds of proteins with various molecular weights, isoelectric points, and concentrations \[[@CR9], [@CR37]--[@CR39]\]. Ovalbumin, with a molecular weight of 45 kDa, is the most abundant protein, accounting for half the content of egg white proteins. Ovotransferrin and ovomucoid are the next most abundant proteins, with molecular weights of 76 and 28 kDa, respectively. Small amounts of dozens other proteins have been identified, although egg white has the favorable property of no lipid content. This type of crude condition with heterogeneous proteins is common in daily life. Several papers have been reported about the egg white proteins, such as thermal aggregation of egg white proteins \[[@CR40]\] and NMR structure of a model protein in the presence of egg white as crowding agent \[[@CR41]\]. By contrast, this study provides the first attempt to understand the biophysical aspects of the aggregation highly concentrated protein with Hofmeister salts. This study provides the first attempt to understand the biophysical aspects of highly concentrated protein aggregation with Hofmeister salts.

Materials and Methods {#Sec2}
=====================

Materials {#Sec3}
---------

Sodium thiocyanate (NaSCN), sodium chloride (NaCl), sodium sulfate (Na~2~SO~4~), and magnesium chloride (MgCl~2~) were obtained from Wako Pure Chemical Industries Ltd. (Osaka Japan). 2-\[4-(2-Hydroxyethyl)-1-piperazinyl\]ethanesulfonic acid (HEPES) was obtained from Nacalai Tesque (Kyoto, Japan). Ficoll 70 with an average molecular weight of 70 kDa and egg white ovalbumin (grade III) were obtained from Sigma Chemical Co. (St. Louis, MO).

Preparation of Hen Egg White Proteins {#Sec4}
-------------------------------------

Hen egg white proteins were prepared by the following procedure to obtain samples for reproducible experiments. Hen egg white protein (EWP) was diluted with an equal volume of distilled water, stirred gently with a magnetic stirrer for 1 h at 4 °C, and then dialyzed using a 1000 MW cut-off dialyzed tube against distilled water with four changes at 4 °C to remove small-molecular-weight compounds and salts. The samples were then centrifuged at 10,000×*g* for 30 min to remove undesirable large aggregates for the spectroscopic analysis of the following experiments. It is noted that the protein contents of EWP after the centrifugation is almost identical to that of pristine sample. The supernatant was freeze-dried and then used for further experiments.

Thermal Aggregation of Hen Egg White Proteins {#Sec5}
---------------------------------------------

The freeze-dried EWP was dissolved in 0.5 M sodium salts (NaSCN, NaCl, and Na~2~SO~4~), 10 mM MgCl~2~, and 20 mM HEPES and adjusted to the appropriate protein concentration at pH 7.4. The small amount of divalent ion (MgCl~2~) was added in all conditions due to the understanding of the structural change of protein under physiological condition. Samples in the presence of 150 mg/mL Ficoll 70 containing 1 mg/mL EWP with 0.5 M sodium salts, 10 mM MgCl~2~, and 20 mM HEPES were also prepared and adjusted to pH 7.4. Aliquots of 80 μL of the solutions were added to microfuge tubes. The EWP solutions were heated at various temperatures for 30 min using a temperature control system (GeneAtlasG; Astec, Fukuoka, Japan). After the heat treatment, the samples were stirred with a spatula and centrifuged at 15,000×*g* for 20 min at 25 °C. The supernatant concentration of proteins was then analyzed by measuring the absorbance at 280 nm (A~280~) using a spectrophotometer (ND-1000, NanoDrop Technologies, Inc., Wilmington, Del, USA). The relative absorbance values (A/A~0~ × 100) were plotted in the figures; A and A~0~ show the absorbance of the sample in the presence of salt after and before the heat treatment, respectively.

Sodium Dodecyl Sulfate--Polyacrylamide Gel Electrophoresis {#Sec6}
----------------------------------------------------------

The supernatants of the protein solutions after the heat treatment were dissolved in 62.5 mM Tris--HCl (pH 6.8) loading buffer containing 2 % (w/v) SDS, 5 % sucrose, 5 % β-mercaptoethanol, and 0.01 % bromophenol blue. The samples were heated for 5 min in boiling water and then subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 5--20 % gradient gel (e-PAGEL, ATTO Co., Tokyo, Japan) with a molecular weight marker (Precision Plus Protein Dual Xtra Standards; BIO-RAD, Hercules, CA, USA). The gels were then stained using silver nitrate.

Results {#Sec7}
=======

Thermal Aggregation of Egg White Proteins {#Sec8}
-----------------------------------------

We investigated the concentration-dependent thermal aggregation of EWP in the presence of the inorganic salts NaSCN, NaCl, and Na~2~SO~4~. It is noted that NaSCN and Na~2~SO~4~ are chaotrope and kosmotrope, respectively, with the propensities of salting-in and salting-out at the high salt concentration of 0.5 M. As shown in Fig. [1](#Fig1){ref-type="fig"}, high-concentration EWP was easily gelled by heat treatment. The samples of 100 mg/mL EWPs without salts were visually similar, with white turbidity, after the heat treatment at 60--90 °C (Fig. [1](#Fig1){ref-type="fig"}a). The centrifuged samples were separated from the protein pellet with a clear supernatant in the absence of salts (Fig. [1](#Fig1){ref-type="fig"}b). It should be noted that MgCl~2~ slightly accelerates the protein aggregation by the heat treatment.Fig. 1Gelation of the EWP solution at 100 mg/mL in the absence of sodium salts. **a** After heat treatment for 30 min. **b** After centrifugation at 15,000×*g* for 20 min

Figure [2](#Fig2){ref-type="fig"} shows the concentration of soluble proteins after heat treatment for 30 min at the respective temperatures. EWP without salt additive began to aggregate at approximately 55 °C at all protein concentrations examined (1, 10, and 100 mg/mL). These data were unexpected because highly concentrated proteins are also prone to form aggregates due to the increased probability of protein--protein interaction. However, this independence of protein concentration implies the possibility that the rate-limiting step of aggregation is an unfolding reaction rather than protein--protein interaction, similar to the reaction-limited cluster--cluster aggregation of protein \[[@CR42]\].Fig. 2Supernatant absorbance of EWP after heat treatment. The samples containing 0.5 M NaSCN (*open circles*), NaCl (*closed squares*), Na~2~SO~4~ (*open squares*), and no additive (*closed circles*) were heat treated for 30 min at the respective temperatures. **a** 1 mg/mL. **b** 10 mg/mL. **c** 100 mg/mL

The addition of 0.5 M salts to 1 mg/mL EWP led to a change in aggregation temperature (Fig. [2](#Fig2){ref-type="fig"}a). As expected, NaSCN completely inhibited the thermal aggregation of 1 mg/mL EWP even at 90 °C. NaCl and Na~2~SO~4~ resulted in the aggregation of 1 mg/mL EWP above 65 °C, and the absorbance decreased to 10 % at 90 °C. The starting point temperatures of aggregation increased in the order Na~2~SO~4~ \~ NaCl \< NaSCN, which corresponds to the sequence of these salts in the Hofmeister series.

The aggregation tendency of 10 mg/mL EWP with the addition of salt (Fig. [2](#Fig2){ref-type="fig"}b) was different from the aggregation tendency of 1 mg/mL EWP, especially with NaSCN. EWP at 10 mg/mL with NaSCN showed marked aggregation at 62 °C, whereas 1 mg/mL EWP with NaSCN did not aggregate even at 90 °C. The aggregation temperature of 10 mg/mL EWP with NaCl was decreased by 8 °C compared to 1 mg/mL EWP with NaCl. However, the results for 10 mg/mL EWP with Na~2~SO~4~ were almost identical to the results for 1 mg/mL EWP with Na~2~SO~4~.

The aggregation curves of 100 mg/mL EWP without salt and with NaCl and Na~2~SO~4~ (Fig. [2](#Fig2){ref-type="fig"}c) were similar to the aggregation curves of 10 mg/mL EWP with each salt (Fig. [2](#Fig2){ref-type="fig"}b). However, the aggregation temperature of 100 mg/mL EWP with NaSCN decreased compared to the aggregation temperature for 10 mg/mL EWP with NaSCN. Interestingly, the start point temperatures of aggregation increased in the order NaSCN \< NaCl \< Na~2~SO~4~, which was the inverse sequence of the Hofmeister series.

The data shown in Fig. [2](#Fig2){ref-type="fig"} can be summarized as follows. (1) EWP without salt showed the same aggregation curves regardless of protein concentration from 1 to 100 mg/mL. (2) EWP with Na~2~SO~4~ showed similar aggregation curves regardless of protein concentration from 1 to 100 mg/mL. However, EWP with NaSCN showed a decrease in aggregation temperature depending on EWP concentration. (3) The order of aggregation temperatures was Na~2~SO~4~ \< NaCl \< NaSCN at the low concentration (1 mg/mL) of EWP. (4) In contrast, the order of aggregation temperatures was NaSCN \< NaCl \< Na~2~SO~4~ at the high concentration (100 mg/mL) of EWP.

SDS-PAGE of Egg White Proteins {#Sec9}
------------------------------

Table [1](#Tab1){ref-type="table"} shows the properties of the major proteins in EWP, ovalbumin (OVA), ovotransferrin (OVT), ovomucoid, and lysozyme (LYZ). To determine the aggregation propensities of the individual proteins, we performed SDS-PAGE analysis of the EWP after heat treatment. Samples containing 1, 10, and 100 mg/mL EWP in 500 mM salts were prepared and subjected to heat treatment for 30 min at different temperatures; the samples were then centrifuged and the supernatant analyzed by SDS-PAGE (Fig. [3](#Fig3){ref-type="fig"}). The bands of OVA, OVT, and LYZ were successfully separated at approximately 45, 76, and 14 kDa, respectively. The SDS-PAGE patterns of NaSCN samples at 1 mg/mL EWP did not change even at 90 °C for 30 min, while the bands of OVA and OVT in the NaCl and Na~2~SO~4~ samples decreased with increasing temperature of the heat treatment. To more clearly see this behavior, the aggregation temperatures of OVA, OVT, and LYZ in 1 mg/mL EWP appeared to be in the order Na~2~SO~4~ \~ NaCl \< NaSCN (Table [2](#Tab2){ref-type="table"}). EWP at 10 mg/mL sample in the presence of NaSCN decreased the all bands, which was similar pattern to the presence of NaCl and Na~2~SO~4~. Further increasing concentration of EWP (100 mg/mL) in the presence of NaSCN decreased the overall bands comparing to Na~2~SO~4~ and NaCl. The aggregation temperatures of OVA, OVT, and LYZ in 10 and 100 mg/mL EWP were in the order NaSCN \< NaCl \< Na~2~SO~4~ (Table [2](#Tab2){ref-type="table"}). These data can be summarized as follows: the low concentration of EWP was aggregated by the kosmotrope, while the high concentration of EWP was aggregated by the chaotrope, regardless of the kind of protein in EWP.Table 1Major proteins of EWPProtein% of egg white protein^a^Isoelectric point^a,b,c^Molecular weight (kDa)^a,b,c^Denaturation temperature (°C)^a^Ovalbumin54.04.5 (5.19)45.0 (42.9)84.0Ovotransferrin12.06.1 (6.85)76.0 (77.8)61.0Ovomucoid11.04.1 \[4.82\]28.0 \[20.0\]79.0Lysozyme3.410.714.375.0^a^Data are from Rao \[[@CR55]\]^b^Data shown in parentheses are from Ning Qiu \[[@CR56]\]^c^Data shown in square brackets are from Catherine Guérin-Dubiard \[[@CR9]\]Fig. 3SDS-PAGE analyses of heat-induced aggregation of EWP with 0.5 M sodium salts. **a** 1 mg/mL. **b** 10 mg/mL. **c** 100 mg/mL. The *numbers* in the figures show the temperature of heat treatment (°C). *OVT*, *OVA*, and *LYZ* indicate ovotransferrin, ovalbumin, and lysozyme, respectivelyTable 2Apparent order of the thermal aggregation propenscity analysed by SDS-PAGEProtein1 mg/mL10 mg/mL100 mg/mLOVTNa~2~SO~4~ \~ NaCl \< NaSCNNaSCN \~ NaCl \< Na~2~SO~4~NaSCN \< NaCl \< Na~2~SO~4~OVANa~2~SO~4~ \~ NaCl \< NaSCNNaSCN \< NaCl \< Na~2~SO~4~NaSCN \< NaCl \< Na~2~SO~4~LYZNa~2~SO~4~ \~ NaCl \< NaSCNNaSCN \< NaCl \< Na~2~SO~4~NaSCN \< NaCl \< Na~2~SO~4~

Excluded Volume Effect of Ficoll 70 {#Sec10}
-----------------------------------

The concentration-dependent behavior of the thermal aggregation of EWP by salts was investigated from the perspective of the excluded volume effect. Ficoll 70 has been used as a hydrophilic polysaccharide for its excluded volume effect with the non-specific steric repulsion of protein molecules \[[@CR43], [@CR44]\]. Samples containing 1 mg/mL EWP with 150 mg/mL Ficoll 70 in the presence or absence of salts were prepared and heated for 30 min. Figure [4](#Fig4){ref-type="fig"} shows the supernatant concentration of centrifuged protein solutions after the heat treatment. The aggregation curve of 1 mg/mL EWP with 150 mg/mL Ficoll 70 without salt (Fig. [4](#Fig4){ref-type="fig"}) was similar to 1 mg/mL EWP without Ficoll 70 and salt (Fig. [2](#Fig2){ref-type="fig"}a). By contrast, the aggregation curve of 1 mg/mL EWP with 150 mg/mL Ficoll 70 with NaSCN (Fig. [4](#Fig4){ref-type="fig"}) was different from 1 mg/mL EWP without Ficoll 70 and salt (Fig. [2](#Fig2){ref-type="fig"}a). Accordingly, Ficoll 70 promoted EWP aggregation in the presence of NaSCN. In the presence of NaCl, Ficoll 70 slightly enhanced the aggregation of EWP compared to 1 mg/mL EWP (Figs. [2](#Fig2){ref-type="fig"}a, [4](#Fig4){ref-type="fig"}). Interestingly, Ficoll 70 did not affect the thermal aggregation profiles of EWP in the presence of Na~2~SO~4~ (Figs. [2](#Fig2){ref-type="fig"}a, [4](#Fig4){ref-type="fig"}). Thus, the excluded volume effect enhanced aggregation only in the presence of NaSCN.Fig. 4Supernatant absorbance of 1 mg/mL EWP with 150 mg/mL Ficoll 70 after heat treatment. The samples containing 0.5 M NaSCN (*open circles*), NaCl (*closed squares*), Na~2~SO~4~ (*open squares*), and no additive (*closed circles*) were heat treated for 30 min at the respective temperatures

To clarify the crowding effect, we investigated the thermal aggregation of purified OVA alone. Figure [5](#Fig5){ref-type="fig"} shows the supernatant concentrations of 1 and 100 mg/mL OVA after heat treatment for 30 min at different temperatures. The sample of OVA without salt aggregated at 60--70 °C. In the presence of NaSCN, 1 mg/mL OVA did not aggregate at 90 °C (Fig. [5](#Fig5){ref-type="fig"}a), which is a similar pattern to the EWP shown in Fig. [2](#Fig2){ref-type="fig"}a. In contrast, 100 mg/mL OVA was prone to form aggregates (Fig. [5](#Fig5){ref-type="fig"}b), which was different from the patterns in the presence of NaCl and Na~2~SO~4~. These data support the hypothesis that chaotropes actually promote protein aggregation by the excluded volume effect.Fig. 5Solubility of OVA after heat treatment. The samples containing 0.5 M NaSCN (*open circles*), NaCl (*closed squares*), Na~2~SO~4~ (*open squares*), and no additive (*closed circles*) were heat treated for 30 min at the respective temperatures. **a** 1 mg/mL. **b** 100 mg/mL

Discussion {#Sec11}
==========

This study was performed to investigate the thermal aggregation of crude EWP at 100 mg/mL in comparison to 1 mg/mL in the presence of different types of salts. The results can be summarized as follows. (1) The order of the Hofmeister series on thermal aggregation was altered by protein concentration. (2) The chaotrope NaSCN was unexpectedly the most aggregation-prone additive for the high protein concentration. (3) The inverse Hofmeister effect was attributed to the macromolecular excluded volume effect.

The most interesting finding of this study is the data regarding the effects of NaSCN on the thermal aggregation of EWP. NaSCN suppressed thermal aggregation at a low concentration of EWP, but not a high concentration (Fig. [2](#Fig2){ref-type="fig"}). This concentration-dependent aggregation of protein can be discussed in terms of cluster-aggregation theory as follows. Thermal aggregation generally occurs with the initial formation of start aggregates with a diameter of approximately 50 nm at the initial stage, followed by the growth of the aggregates to large size through association of the start aggregates \[[@CR42]\]. This growth of aggregates is classified into diffusion-limited cluster aggregation (DLCA) and reaction-limited cluster aggregation (RLCA); the rate-limiting step of DLCA is the encounter rate of start aggregates, and the rate-limiting step of RLCA is the association and reaction rate of start aggregates \[[@CR45], [@CR46]\]. In this situation, it is naturally thought that the crowded environment decreases the diffusion rate, while at the same time, the crowded environment increases the probability of protein--protein interaction \[[@CR2], [@CR47]--[@CR50]\]. Thus, it may be that a chaotrope increases the RLCA-type aggregation in the crowded environment.

Finally, it should be noted that the Hofmeister inverse series has been reported for the cloud-point temperature of lysozyme \[[@CR51]--[@CR53]\]. At a high concentration of salts above 0.5 M, a kosmotrope increases the surface tension of the solution compared to a chaotrope \[[@CR54]\], leading to salting-out of protein molecules, which is the direct Hofmeister series effect. At a low concentration of salts, anions bind to the positively-charged surface of lysozyme, leading to increased solubility regardless of the type of ions, which is the inverse Hofmeister series effect. These data show the electrostatic interaction between protein and ions, which affects the solubility of the protein. However, our data describe protein--protein interaction with thermally-unfolded proteins at high ion concentrations. At a high protein concentration, small aggregates are prone to form further aggregates in the presence of a chaotrope, as discussed above. This inverse Hofmeister effect described by RLCA-type aggregation will be found for various proteins at high concentration, as similar data were obtained for both the crude mixture of EWP (Fig. [2](#Fig2){ref-type="fig"}) and a model crowded environment with albumin and Ficoll 70 (Figs. [4](#Fig4){ref-type="fig"}, [5](#Fig5){ref-type="fig"}).

The thermal aggregation of protein is an important phenomenon in the food industry. However, the control of aggregation is difficult even for pure protein in typical biophysical studies. We believe that this study provides important information on aggregation in high-concentration protein mixtures. Similar data are not expected for biophysical experiments at diluted concentrations of pure protein in vitro. In conclusion, the crowded environment unexpectedly increased the probability of protein aggregation in the presence of a chaotrope. The thermal aggregation of highly concentrated protein mixtures is a notable issue in both the food industry and the intercellular environment.
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